ABSTRACT. Previously, we have demonstrated that the alarm pheromone deteriorates sexual behavior in male rats, which was blocked by pretreatment with a corticotrophin-releasing hormone (CRH) antagonist. Studies have shown that an opioid antagonist blocked the deterioration of male sexual behavior following intracerebroventricular administration of CRH. Therefore, possibly, the pheromone effects could also be mediated by the opioid system. In this study, we pretreated rats with naloxone, an opioid receptor antagonist, and examined the following sexual behavior modulations in male rats that were exposed to the alarm pheromone. Naloxone blocked the deterioration of sexual behavior in a dose-dependent manner. On the basis of these data and the results of the previous study, we conclude that the alarm pheromone activates the CRH system, which then activates the opioid system, to deteriorate male sexual behavior. KEY WORDS: alarm pheromone, naloxone, opioid, rat, sexual behavior.
Sexual behavior is one of the most important activities for organisms and has been studied for many years. In addition to sexual behavior itself, it also has been demonstrated that various types of stressors can deteriorate male sexual behavior. For example, 2 hr of immobilization elongated intromission latency, increased number of mounts needed for an ejaculation and decreased hit rate (number of intromissions/sum of mounts and intromissions) in male rat [27] . Similarly, water immersion elongated mount, intromission and ejaculation latency, and post ejaculation interval (PEI), and it increased the number of mounts and intromissions, and decreased the hit rate [27] . In addition, we have shown that sexual behavior was also deteriorated by the alarm pheromone [16] .
We previously showed that foot-shocked male Wistar rats release an alarm pheromone, which aggravates stressinduced hyperthermia (SIH) in pheromone-exposed rats [10] via the vomeronasal system [14] . We can induce the release of this pheromone by electrical stimulation to the perianal region of the anesthetized donor rat [14] . In addition, this alarm pheromone was shown to be water-soluble, because exposure to water droplets collected from the ceiling of the box in which the alarm pheromone was released produced all responses that are observed in recipients directly exposed to the pheromone [12] . This pheromone solution allows us to observe pheromone effects in different experimental paradigms; it can evoke several responses, such as aggravated SIH in the home cage [12, 14] , increased defensive and risk assessment behaviors in a modified open-field test [15] and enhanced acoustic startle reflex (ASR) [7, 8] . In addition to its effects on individual animals, the effects of the alarm pheromone on social behavior have been analyzed [16] . When we presented the alarm pheromone during sexual behavior, male sexual behavior was deteriorated as indicated by the increasing number of mounts and decreasing hit rate, whereas female sexual behavior was not altered. This pheromone effect was observed only when male rats, and not female rats, were exposed to the alarm pheromone before sexual behavior. In addition, the effect of this pheromone was shown to be mediated by corticotrophin-releasing hormone (CRH), because pretreatment with CP-154526, a CRH receptor antagonist, inhibited the effects of the alarm pheromone on male sexual behavior [16] . Because the number of cells double-labeled for c-Fos and CRH increased in the paraventricular nucleus of hypothalamus (PVN) of rats that were exposed to the alarm pheromone and exhibited deteriorated sexual behavior, the alarm pheromone is thought to be a stressor and induce CRH secretion from the PVN [17] . Moreover, we found that the bed nucleus stria terminalis (BNST), medial amygdaloid nucleus (MeA), basolateral amygdaloid nucleus (BLA) and nucleus paragigantocellularis (nPGi) were activated during the modulation of sexual behavior caused by the alarm pheromone [17] .
Opioid drugs, such as morphine and methadone, and the endogenous opioid peptides, namely the enkephalins, endorphins and dynorphins, affect various physiological and behavioral functions, including motor activity, water and food intake, immune responses and cognitive function [33] . The opioid system is also known to be involved in the deterioration of sexual behavior [31] . In particular, as in the case of the alarm pheromone, the administration of low dose of opioid peptides also deteriorated male sexual behavior. For example, intracerebroventricular (ICV) administration of endomorphin-1 increased the number of mounts, elongated ejaculation latency and decreased the number of ejaculations in male rats [23] . In addition, intraperitoneal administration of methadone increased the number of mounts and decreased the hit rate [22] . Because naloxone, an opioid receptor antagonist, blocked the sexual behavior deterioration caused by the ICV administration of CRH, the opioid system is also involved in deteriorating the sexual behavior downstream of the CRH system [30] . Indeed, pretreatment with naltrexone, another opioid receptor antagonist, blocked the deterioration of sexual behavior that was induced by water immersion which increased CRH secretion, as assessed from the plasma corticosterone levels [28] . Considering that the alarm pheromone induces CRH secretion [16] , we hypothesized that the modulation of sexual behavior by the alarm pheromone could also be mediated by the opioid system, downstream of the CRH system.
In order to evaluate this hypothesis, we pretreated rats with naloxone and observed the sexual behavior of male subjects that were exposed to the alarm pheromone.
MATERIALS AND METHODS
Thirty-eight sexually naïve male Wistar-Imamichi (WI) rats (7.5-week-old) and 38 sexually naïve female WI rats (8.5-week-old) were purchased from the Institute for Animal Reproduction, Kasumigaura, Japan. The animals were provided with water and food, ad libitum, and maintained on a 12-hr light-dark cycle (lights off at 2000). The colony room was maintained at a constant temperature (24 ± 1°C) and humidity (40-45%). The animals were housed in pairs in wire-topped, transparent cages (410 × 250 × 180 mm); with wood shavings were used as bedding.
Before the sexual behavior test, we prepared water samples according to an established method that has been previously described in detail [16] . We prepared adult male WI rats (12-16-week-old) as pheromone donors and sprayed purified water (5 ml) on the ceiling of an acrylic box (200 × 200 × 100 mm). Each donor rat was anesthetized using pentobarbital sodium (50 mg/kg, i.p.) (Somnopentyl; MERCK Animal Health, Boxmeer, Netherlands), and for electrical stimulation, intradermal needles (27G) were placed in the neck or the perianal region. Each rat was placed in the box for 5 min and was given 15 electrical stimulations (10 V for 1 sec) at 20-sec intervals to either the neck or the perianal region. Electrical stimulation to the perianal region induced release of the alarm pheromone, which was trapped in the water and used as the pheromone sample. Stimulation of the neck region was conducted in an attempt to provide olfactory stimuli that affected neither autonomic nor behavioral responses [11] ; this was done to obtain the control odor sample. After the rats were stimulated in this manner, the water droplets on the ceiling were collected in a conical polypropylene tube by using a glass bar and Pasteur pipette. Each water sample was stored at 4°C and used on the same day.
Sexual behavior tests were conducted as described in our previous study [16] . One day before the test day, male subjects were housed individually and were acclimatized for 30 min to the room and the experimental apparatus (acrylic cage top and acrylic plates for holding filter paper; 2 acrylic plates [120 × 60 × 3 mm], one of which had 18 9-mm-diameter holes). Female subjects were also acclimatized to the experimental room for 30 min. The cages containing the subjects were moved to the experimental room 150 min before the test. On the test day, sexual behavior tests were conducted at 2030 in the home cage of the male subjects, under dim red light. Either saline or a single dose of naloxone (15 or 40 mg/kg dissolved in saline; Sigma-Aldrich, St. Louis, MO, U.S.A.) was administered intraperitoneally to male subjects 60 min before the experiment. The stainless steel cage top of the male subject's home cage was replaced with a punctured acrylic board, and lights in the experimental room were turned off 30 min before the test. At the beginning of the test, water samples (750 µl each; pheromone or control odor sample) were dropped on 2 sheets of filter paper (5 × 5 cm) that were slipped into the acrylic plates. The acrylic plates holding the filter papers were then placed in the subject's home cage and left there for 5 min. After the sample presentation, the plates were removed, and the female stimulus animal was placed into the male subject's home cage. Sexual behavior was video recorded for 60 min, which was sufficient for a copulation period (time from introduction of female stimulus animal to the first post-ejaculative intromission). We divided the 38 subject pairs into 4 groups, on the basis of the water sample analysis and the naloxone dose: Control and NAL (0 mg/kg; n=9), Pheromone and NAL (0 mg/kg; n=10), Pheromone and NAL (15 mg/kg; n=11) and Pheromone and NAL (40 mg/kg; n=8).
A researcher who was blinded to the experimental conditions analyzed male sexual behavior during the first copulation period (the time from the introduction of female stimulus animal to the first post-ejaculative intromission by the male subject), as in our previous study [16, 17] . We observed the following measures of sexual behavior: mount latency, intromission latency (the time from the introduction of the female to the first mount or intromission), ejaculation latency (time from the first intromission to ejaculation in a copulation period), number of mounts and number of intromissions (number of mounts or intromissions that were needed for an ejaculation). In addition, the hit rate and postejaculation interval were calculated.
The data are expressed as the mean ± standard error of the mean (SEM), and significance was set at P<0.05 for all statistical tests. All data were analyzed by one-way ANOVA followed by the Tukey-Kramer post hoc test.
This study was approved by the Animal Care and Use Committee of the Faculty of Agriculture, The University of Tokyo.
RESULTS
Among the measures of sexual behavior, the number of mounts (F [3, 34] =5.49, P<0.005) and hit rate (F [3, 34] =5.37, P<0.005) were significantly affected by alarm pheromone treatment (Fig. 1) Table 1) . Post hoc test results indicate that alarm pheromone increased the number of mounts (P<0.05) and decreased the hit rate (P<0.01) in male subjects. These pheromone effects were dose-dependently attenuated, because of pretreatment with naloxone.
DISCUSSION
When a male subject was presented to alarm pheromone before the sexual encounter, the number of mounts increased and the hit rate decreased, as was observed in our previous study [16] . This pheromone effect was blocked after pretreatment with naloxone in a dose-dependent manner. On the basis of these results and the data from previous studies [16, 30] , we propose that the alarm pheromone activates the opioid system, downstream of the CRH system, which deteriorates male sexual behavior.
These results suggest that the alarm pheromone-induced deterioration of sexual behavior is mediated by the opioid system. Our results are consistent with the data from other studies, because the number of mounts and hit rate appear to be mediated by the opioid system. For example, the number of mounts and hit rate are commonly modified by stressors, including water immersion, foot shock and novel environment, which were blocked in a dose-dependent manner by pretreatment with opioid antagonists [25, 28] . In addition, injection of an opioid agonist also modified the number of mounts and hit rate [22] . These results suggest that the number of mounts and hit rate are mediated by the opioid system. Therefore, possibly, the alarm pheromone activates the opioid system, which modifies the number of mounts and hit rate. Considering the previous studies that indicate that the alarm pheromone induces CRH secretion from the PVN [16, 17] and that the opioid system acts downstream of the CRH system to deteriorate sexual behavior [30] , we propose that the alarm pheromone activates the CRH system as a stressor, which in turn activates the opioid system and deteriorates male sexual behavior. However, because we have not examined how the CRH and opioid systems interact during the deterioration of male sexual behavior induced by the alarm pheromone, we cannot exclude the possibility that the CRH and opioid systems deteriorate male sexual behavior independently. For example, naloxone was reported to facilitate sexual behavior in unstressed male rats, suggesting that naloxone has sexual behavior-facilitative effects [21] . Therefore, it is possible that the sexual behavior-facilitative effect of naloxone overcame the effect of the alarm phero- Fig. 1 . The number of mounts and hit rate for male subjects in the first copulation period. The male subject was pretreated with naloxone and exposed to alarm pheromone (Pheromone) or control odor (Control). Bars with different letters are significantly different from each other (P<0.05) as determined using one-way ANOVA, followed by the Tukey-Kramer post hoc test (mean ± SEM). mone in the present study. To clarify this point, further studies are needed. We hypothesize that the opioid system deteriorates male sexual behavior via the µ receptor. Opioid drugs and endogenous opioid peptides are mediated via a family of membrane-bound receptors, namely κ, δ and µ receptors [34] . The effects of these receptors on sexual behavior have been studied using various types of opioid receptor ligands [24, 31] . Because naloxone has a higher affinity for the µ receptor than for the other types of receptors, we hypothesize that the alarm pheromone deteriorates male sexual behavior through the µ receptor. This hypothesis is supported by the results of previous studies that suggest that opioid agonists that induced alarm pheromone-like deterioration of sexual behavior, such as endomorphin-1 and methadone, also have higher affinities for the µ receptor [22, 23, 26, 35] . In addition, the involvement of other types of receptors in the pheromone effect is less likely, because the patterns of sexual behavior deterioration via other types of receptors are different from that of the alarm pheromone [5, 19] . Therefore, we suggest that the alarm pheromone deteriorates male sexual behavior via the µ receptor.
Based on this and previous studies, we hypothesize that the following neural circuit plays a role in the alarm pheromone-induced deterioration of sexual behavior. The alarm pheromone is perceived by the vomeronasal organ (VNO), which transmits information to the accessory olfactory bulb (AOB), followed by the BNST and PVN. Next, the PVN releases CRH into the arcuate nucleus (Arc), which induces opioid secretion into the medial preoptic area (MPOA). Opioid secretion into the MPOA induces the periaqueductal gray (PAG) and following nPGi activation, and deteriorates male sexual behavior. In fact, in previous studies, the alarm pheromone was observed to activate the AOB, BNST and CRH neurons in the PVN, PAG and nPGi as assessed by cFos expression [12, 13, 17] . In addition to these results, it is known that the AOB and BNST are involved in the vomeronasal system [32] and that the BNST has dense projections to the PVN [4] , suggesting that pheromone information was transmitted from the VNO through the AOB and BNST to the PVN. Considering that the Arc receives CRHergic inputs from the PVN [3, 18] and has abundant β-endorphin peptides [1] , it is possible that CRHergic input from the PVN to the Arc induces β-endorphin secretion. Because injection of µ receptor agonists into the MPOA deteriorates male sexual behavior [5, 20] , the target of opioid peptides might be the MPOA. In addition, because stimulation of the MPOA activates neurons projecting to the nPGi in the PAG [29] , opioid stimulation on the MPOA might be sent through the PAG to the nPGi, which is known to be the primary source of tonic descending inhibition of erections and ejaculatory reflexes [2, 6, 9] .
In conclusion, we found that deterioration of the male sexual behavior by the alarm pheromone was blocked by pretreatment with naloxone in a dose-dependent manner. On the basis of the findings of the previous studies, we propose that alarm pheromone activates the CRH system, which activates the opioid system and deteriorates male sexual behavior.
